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Ca havebeen perform ed by useofradiofrequency
excitation with tim e-separated oscillatory elds,i.e. Ram sey’s m ethod,as recently introduced
for the excitation of the ion m otion in a Penning trap, was applied. A com parison with the
conventionalm ethod ofa single continuous excitation dem onstrates its advantage ofup to ten
tim esshorterm easurem ents.Thenew m assvaluesof
26;27
Alclarify conictingdata in thisspecic
m ass region. In addition,the resulting m ass values ofthe superallowed -em itter
38
Ca as well




conrm previousm easurem ents and corresponding
theoreticalcorrectionsofthe ft-values.
Introduction.{ Superallowed 0+ ! 0+ -decaysare
sensitiveprobesfortesting fundam entalconceptsofweak
interaction. Hardy and Towner[1]addressed 20 such de-
cays covering the nuclear chart from 10C to 74Rb and
showed a consistentpictureallowinga conrm ation ofthe
conserved-vector-current(CVC)hypothesis. Three prop-
ertiesofthenucleartransitionsarem ergedin thecom para-
tivehalf-lifeft:thetransition energy Q E C ,thehalf-lifeof
the m othernucleit1=2,and the branching ratio R. Since
the Ferm i-type -decays are only eected by the vector
partofthe hadronic weak interaction,the CVC hypoth-
esis claim s identicalft-values for alltransitions between
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isospin T = 1 analog statesirrespectiveoftheoreticalcor-
rections. Including these m odications the corrected ft-
valuecan be written in the form









whereK isanum ericalconstantand G V isthevectorcou-
plingconstant.C denotestheisospin-sym m etry-breaking
correction, 0
R
and N S are the transition-dependent
parts ofthe radiative correction,while  V
R
is transition-




F t-valueofthe12bestknown-caseswasdeterm ined to be























Fig.1:Section ofthenuclearchartin theregion ofinterestfor
theAlm assm easurem entsindicating thereactionsconnecting
the nuclides.G rey boxesdenote stable isotopes.
Recently Savard etal.[3]published a new Q E C valueof
the superallowed decay of46V m easured with the Cana-
dian Penning trap facility. Their Q -value diered by
2.19 keV corresponding to 2.5 standard deviations from
a com bination of two contradictory data [1,4,5]. The
high F t-value thatresulted wasconspiciouswith respect
to the average F t-value of the 12 best-known superal-
lowed transitions. Together with an updated data set of
these 12 transition it is leading to a new average value
ofF t = 3073:66(75)s. This triggered a carefulrem ea-
surem entofthe Canadian Penning trap resultaswellas
a search forpossible system atic dierencesbetween Pen-
ning trap m easurem entsand Q -valuesfrom reaction m ea-
surem entsasperform ed by Hardy and coworkers[6].The
resultofSavard etal. hasm eanwhile been conrm ed by
thePenningtrap facilityJYFLTRAP [7].O bviously,there
isa strong dem and to rem easurethe reaction Q -valuesof
superallowed decayswith high-precision Penning trap fa-
cilities.
The Penning trap m ass spectrom eter ISO LTRAP has
previously already addressed three superallowed em itters
of the 12 best-known cases: 22M g [8], 34Ar [9], and
74Rb [10].In the presentpaper,we contribute with m ass
m easurem entsof26Al,itselfa daughterin a superallowed
decay,and 38Ca. For the m ass m easurem ents Ram sey’s
m ethod ofseparated oscillatory eldsforexcitation ofthe
ion m otion in a Penning trap was applied. In [11{15]
the adaption ofRam sey’s m ethod to Penning trap m ass
spectrom etryhasbeen derived and experim entallydem on-
strated. The precision of the frequency determ ination
could be im proved by m ore than a factor ofthree com -
pared totheconventionalexcitation m ethod and scan pro-
cedure. This allowsone to reach a given precision up to
ten tim esfasterthan before.























Fig. 2: Experim ental setup of the m ass spectrom eter
ISO LTRAP. The RFQ trap, the preparation and precision
Penning traps as wellas the reference ion source are shown.
M onitoring the ion transfer as wellas the tim e-of-ight m ea-
surem entsforthedeterm ination ofthecyclotron frequency are
done with m icro-channel-plate (M CP)detectorsora channel-
tron [20].In theinseta cyclotron frequency resonancefor
26
Al
ionswith an excitation tim e of1.5sisgiven.
27Aladdress a problem ofconicting data derived from
variousreaction Q -value m easurem ents[16]: The m asses
ofthe stable nuclides 24;26M g [17]and 28Si[18,19]have
allbeen m easured with Penning trap facilities. They are
also related via reaction Q -values,nam ely 24;26M g by a
pair of(n,) reactions through the stable isotopes 25M g
and 26M g,and 28Siby a pair of(p,) reactions through
the isotope 27Al. In addition, the m asses of 25M g and
26M g are also related by a sequence ofa (p,) reaction
and a (p,n)reaction through the isotope 26Al(see g.1).
The two m ostprecise valuesofthe 25M g(n,)26M g reac-
tion agree neither with each other nor with the results
from the com bined 25M g(p,)26Aland 26M g(p,n)26Alre-
actions.A sim ilarinconsistencyoccursforthenuclide27Al
in relation to the m agnesium isotopesand 28Si. Thuswe
perform ed directm assm easurem entsof26;27Alto resolve
thisunsatisfactory situation.
Experim ental Setup and m easurem ent pro-
cedure. { All m easurem ents reported here have
been perform ed with the triple-trap m ass spectrom eter
ISO LTRAP [21{23](see g.2) at the online m ass sepa-
ratorISO LDE/CERN [24]. The experim entalprocedure
is as follows: The 60-keV continuous ISO LDE ion beam
isaccum ulated in a lineargas-lled RFQ ion beam cooler
and buncher [25]. After a few m illiseconds the accum u-
lated ionsare transferred in a bunch to the rstPenning
trap [26],which isused form ass-selectivebuer-gascool-
ing [27]to rem ove isobaric contam inations. In the sec-
ond Penning trap the actualm assm easurem entsareper-
form ed. 39K + ions from the stable alkalireference ion
p-2
High-precision m assm easurem ents
source forthe m easurem entsofthe calcium isotopesand
23Na+ ionsfrom ISO LDE forthealum inium isotopeswere
used forcalibration ofthe m agneticeld strength.
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Fig.3:(a)Conventionalexcitation schem ewith acontinuousrf
pulseof= 1.5s,(b)excitation with two100-m sRam sey pulses
1 interrupted by a 0= 1.3swaiting period.
the ions cyclotron frequency c = qB =(2m ), which is
proportionalto the charge-to-m ass ratio q=m as wellas
to the m agnetic eld strength B [28]. The ion m otion is
excited by an azim uthalquadrupolarradiofrequency eld
via the four-fold segm ented ring electrode ofthe Penning
trap [29]beforetheionsareextracted and transported to
a detector.The frequency ofthe excitation eld isvaried
around the expected value to record a tim e-of-ight ion
cyclotron resonance(TO F-ICR)[30](seeinsetofg.2)a
well-established m ethod in use atseveralfacilities[31].
Thealum inium isotopeswereproduced by bom barding
a silicon carbide targetwith 3 1013 1.4-G eV protonsper
pulsefrom the CERN proton synchrotron booster.A hot
plasm a sourceionized theatom sreleased from theheated
target.Isotopicseparationwasperform ed with thegeneral
purposeseparator[24]with a resolving poweroftypically
1000.
For the calcium isotopes a heated titanium foiltarget
wasused in com bination with a hottungsten surface for
ionization. The high-resolution separator [24]served for
m ass separation with a resolving power of about 3000.
In orderto suppressisobariccontam inationsby 38K ions,
CF4 was added in the ISO LDE ion source and the ions
were delivered to ISO LTRAP in form of the m olecular
sidebands 38Ca19F and 39Ca19F.The m ass ofthe ion is
obtained bym easuringthefrequencyratiotoawell-known
referenceion.
T he R am sey technique. { In order to im prove
the precision of the frequency determ ination, separated
oscillatory elds, as introduced by Ram sey to nuclear-
m agnetic-resonance experim ents, were adopted [11,12]
and used for the rst tim e in an online m ass m easure-
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. A Ram -
sey excitation schem e was chosen with two excitation pulses
of100m sduration interrupted by a 1.3swaiting period. The




terrupted by a waiting period areused to excitetheradial
ion m otion (see g.3).The shape ofthe TO F-ICR curve
(see g.4)dierssignicantly from the conventionalone
(see insetofg.2).The sm allerwidth ofthe centralres-
onance peak and the m ore pronounced sidebandsallow a
m orepreciseorfasterfrequency m easurem ents[12,13].
Penningtrapm assm easurem entson theisotopes26;27Al
aswellason 38Ca19F+ and 39Ca19F+ havebeen perform ed
with conventional excitation of the ion m otion as well
as with Ram sey’s m ethod ofseparated oscillatory elds.
The num ber ofrecorded ion events per resonance is ap-
proxim ately 3000,which allows a com parison ofsystem -
atic uncertainties between the two m ethods as wellas a
dem onstration ofthe advantageofthe new technique.In
g.5 the cyclotron-frequency ratiosand their uncertain-
ties are shown (see also tab.1). For sim plicity the aver-
ageratio ofeach ion speciesissubtracted.M easurem ents
with theconventionalexcitation (lled sym bols)and with
Ram sey-type excitation (em pty sym bols)can be directly
com pared. The totalexcitation tim e used for the alu-
m inium isotopes was 1.5s. During the Ram sey-type ex-
citation two 100 m sexcitation pulseswereinterrupted by
a 1.3s waiting period,so that the totalexcitation cycle
rem ained 1.5s.
Dueto theshorthalf-lifeof39Ca (T1=2 = 859.6(1.4)m s)
theexcitation tim ewasreduced to1.2sand for38Ca(T1=2
= 440(8)m s)to 900m s,respectively.Asbefore the dura-
tion ofthe Ram sey excitation pulseswas100m sand the
totalcyclelength hasbeen keptconstant.
First,forallion species,no signicantdierence ofthe
extracted frequency ratios(g.5)and thusforthederived
m assexcessvalues(g.6)isfound between conventional
and Ram sey excitation.Allnalm assexcessvalueswith
theirtotaluncertaintiesderivedfrom theISO LTRAP m ea-
p-3
S.G eorgeetal.
Table 1: Ratios of the cyclotron frequencies of the isotopes
investigated in thiswork.






Fig.5: D ierence between the m easured cyclotron frequency
ratiosR and theiraveragevalueR ave.Each datapointcontains
thesam enum berofrecorded ions.D ata pointswith lled sym -
bolshavebeen taken with theconventionalexcitation m ethod,
while em pty sym bols denote data points where the Ram sey









are shown. In (c,d) the sam e is










. The grey band indicates the uncertainty
ofthe average ratio.
surem entsare presented in tab.2.Second,the statistical
uncertaintiesofthe 38;39Ca m easurem ents,which areless
than 2  10  9 (shown separately in g. 6), show clearly
thatwith Ram sey-typeexcitation only thesystem aticun-
certainties are lim iting the precision ofthe m ass values.
Thesystem aticuncertaintiesaredom inated byundetected
m agnetic eld driftsduring the m easurem ents[33].How-
ever,there is no dierence in the statisticaluncertainty
between the continuous 1.5s excitation and a Ram sey-
type excitation of equallength in the m easurem ents of
the alum inium isotopes. Thus,the Ram sey-type excita-
tion is favorable for shorter excitation cycles: It allows
for a 900m s excitation a frequency determ ination which
is three tim es m ore precise than using the conventional
excitation. This gain in precision in dependence ofthe
overallexcitation cycle has been observed for a constant
num ber ofcollected ions [12],com parable to the data of
the m assm easurem entspresented here.
Table 2:M assexcessesofthe m easured nuclides.
Ion T1=2 M assexcess/ keV
26Al 717(24)ky -12210.18 (22)
27Al stable -17196.92 (23)
38Ca 440(8)m s -22058.11 (60)













































Fig.6:M assexcessesofallfourradionucidesderived from the
ISO LTRAP m easurem ents (fulldots). In addition the m ass
excessesderived from m easurem entsusing theconventionalex-
citation m ethod (squares)aswellasusing the Ram sey excita-
tion (triangles)are presented.The errorbarsnextto thedata
pointsrepresentthe statisticaluncertainties.
T he m asses of 26A l and 27A l. { Five dierent
m easurem entsoffourtypes ofreactionsare contributing
to the m ass value of 26Alas published in the Atom ic-
M ass Evaluation AM E2003 [34]. Allofthem are shown
in g.7(a). The highest im pact on the nalAM E2003
m asshavetwo independentm easurem entsofthe reaction
25M g(p,)26Al[35,36]. In addition Q -valuesofthe reac-
tions 26M g(p,n)26Al[37],26M g(3He,t)26Al-14N()14O [38],
and 42Ca(3He,t)42Sc-26M g()26Al [38] contribute to the
m ass of 26Al. The value derived from the reaction
26M g(p,n)26Aldisagreeswith form erm easurem entsofthe
sam egroup [39,40],aswellasalso disagreeswith thefour
otherm easurem ents by m ore than three standard devia-
tions.
A new atom ic-m assevaluation wasperform ed with the
ISO LTRAP data determ ined in this work which are the
rst derived from a Penning trap m ass m easurem ent.
The data from the 26M g(p,n)26Alreaction is not taken
into account anylonger for a new AM E value. Instead
the ISO LTRAP value is now contributing with 8.3% to
the new atom ic-m assevaluation,whereasthe reaction Q -
values of26M g(p,n)26Al,26M g(3He,t)26Al-14N()14O ,and
42Ca(3He,t)42Sc-26M g()26Alarecontributing with 78.4% ,
8.3% ,and 5.0% ,respectively (seeg.7(b)).
Altogetherve reaction Q -value m easurem entsofthe re-
actions26M g(p,)27Aland 27Al(p,)28Sihavecontributed
to them assvalueof27Al.Togetherwith som eotherreac-
tionsQ -valuestheyaredisplayedin g.8(a).Thethreein-
p-4
High-precision m assm easurem ents
dependentdata pointsofthereaction 26M g(p,)27Alcon-
tributed 16.0% and thetwo m easurem entsofthereaction
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Fig.7: (a) M ass dierence of
26
Albetween various reaction
experim entsand the average value ofthe atom ic-m assevalua-
tion from 2003 [34],heredenoted aszero line.Theboxesm ark
them easurem entswhich contributeto theaccepted value.The
im pact ofthe m easurem ents is reected by the percentage of
the contribution to the nalvalue.(b)Sam e asgraph (a)but
including the recentISO LTRAP m easurem ent. Note thatthe
zero line is shifted due to the new average value in the new
atom ic-m assevaluation.
m ass m easurem ent ofISO LTRAP is contributing 20.0%
to the new averagevalue (g.8(b)). Therefore the inu-
ence ofthe reaction m easurem entsof26M g(p,)27Aland
27Al(p,)28Siisreduced to 12.9% and 67.2% ,respectively.
Allcontributing data pointsagreewithin theiruncertain-
ties. Note that no Q -value m easurem ent ofthe reaction
27Al(p,)24M gcontributestothem assvalue,even though
them ostprecisedatapointhasan uncertaintyofonly0.21
keV [41]. However,this m easurem ent has been rejected
since it deviates by m ore than four standard deviations
from the accepted m ean value and disagreeswith earlier
published valuesby the sam egroup.
T he m asses of 38C a and 39C a. { UntilBollen et
al.perform ed a m assm easurem entwith thePenning trap
m assspectrom eterLEBIT [42],the m assof38Ca wasde-
term ined from them ostpreciseofthreeQ -valuem easure-
m entsofthe reaction 40Ca(p,t)38Ca. The uncertainty of
the 38Ca m ass value was 5 keV.The LEBIT m easure-
m ent reduced the uncertainty by m ore than an order of
m agntitudeto 0.28keV and lowered thevalueby 3.3keV.






















































Fig.8:Sam e asg.7 butfor
27
Al.
38CaatISO LTRAP.O urm assuncertaintyis0.59keV [12],
whereasboth valuesdieronlyby0.43keV.Thereasonfor
ourlargeruncertainty despiteusing thefavorableRam sey
excitation technique isthe factorofve highercyclotron
frequency at M SU,since they m easured doubly charged
38Ca
2+
ionsin a 9.4T m agnetic eld while we m easured




in a 5.9T m agnetic eld. The higher frequency leads to
a sm aller relative uncertainty,since the absolute uncer-
tainty ofthe frequency determ ination isidentical. In the
new atom ic-m ass evaluation the ISO LTRAP value con-
tributes nevertheless 17.7% . The m ain contribution of
82.3% com esfrom theLEBIT m easurem ent(seeg.9(a)).
In totalthem assvalueisincreased by 0.08keV com pared
to the LEBIT value.
Two Q -value m easurem entsofthe reaction 39K (p,)39Ca
have so farbeen perform ed (see g.9(b)). Despite their
relativesm alluncertaintiesof1.8 keV [43]and 6 keV [44],
they dier by m ore than 12 keV.Untilnow the value of
Rao et al. [43]was used as the AM E value. The new
ISO LTRAP value disagreeswith thisvalue by m ore than
fourstandard deviations,butisin perfectagreem entwith
the valueofK em peretal.[44].Since theiruncertainty is
a factoroften larger,theISO LTRAP valuedeterm inesin
thenew atom ic-m assevaluation the value by 100% .
C onclusion.{ W ehavedem onstrated thatseparated
oscillatory elds are an excellent toolfor high-precision
m ass m easurem ents. The nalm ass values are lim ited
by our system atic uncertainties, since statisticaluncer-
tainties of less than 2  10  9 have been achieved. This










































Fig.9: (a) M ass dierences of
38
Ca derived from two Pen-
ning trap m easurem ents by the LEBIT facility [42] and
ISO LTRAP [12]. Analog denotes the zero line the new value
of the atom ic-m ass evaluation. (b) M ass dierence of
39
Ca
derived from two reaction m easurem entscom pared to thePen-
ning trap m easurem entofISO LTRAP.
levelof10  9, which is especially im portant for tests of
the CVC hypothesis,asdiscussed above. Therefore,itis
required to reducesignicantly thepresently lim iting sys-
tem atic uncertainties. Because the m easurem entisup to
ten tim esfaster,theRam sey techniqueisofspecialinter-
est for short-lived radionuclideswhich are generally pro-
duced with very low yield. Here,further im provem ents
by optim izing the frequency scan range and step size are
presently in progress.Forlongerexcitation cyclestheun-
certainty ofthe frequency determ ination is expected to
be dom inated by the statisticaluncertainty ofthe m ea-
sured tim e ofight,when the num ber ofrecorded ions
is kept constant. A further detailed investigation is on-
going.Penning trap m assm easurem entson superallowed
-em ittersareneeded to testand im proveolderreaction-
based Q -valuem easurem ents.Here,the m assesof26;27Al
and 38Ca have been conrm ed and for 39Ca a new m ass
valuehasbeen established.
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